LIST OF TABLES
There are three main issues in TE power generation. The first is how to create TE materials with high conversion efficiency (i.e., the fraction of heat transferred that is converted to electrical energy). Z is a figure of merit on conversion efficiency. Its definition is
where σ is the electrical conductivity; λ is the thermal conductivity; S is the Seebeck coefficient; and T h and T c are the hot and cold temperatures imposed on the TE device. The best of the current TE materials has values of ZT near unity. If ZT can exceed two in the temperature ranges of interest, then the efficiency of TE devices become highly competitive with other engines. The second main issue is how to maximize the heat-transfer rate across the hot and cold sides of the TE materials because the higher the heat-transfer rate, the higher is the electric current generated. High heat-transfer rate is difficult to accomplish compactly when the hot and/or the cold sides are maintained by flow of gases, where heat-transfer coefficients are orders of magnitude lower than those associated with liquid or two-phase flow. The third issue is how to minimize thermal stresses and the damages that can result when the TE device must operate across large temperature differences with considerable thermal expansion/contraction.
A number of investigators have studied heat-transfer (HT) issues in TE devices. These studies can be divided into three categories -HT analysis of the TE couples, HT analysis of HXs, and HT analysis of TE couples embedded in HXs. HT in TE couples (see Fig. 1 studied the natural convection and the radiation heat transfer in the region between the TE legs with a temperature difference of 600K over 1 cm. On HT analysis of HXs, there is a large body of literature though not necessarily applied to thermoelectric power generation.
These include the extensive literature on internal cooling of gas-turbine components.
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From the literature, it is well known that HT is highest when the thermal boundary-layer is the thinnest. Thus, the leading portion of boundary layers in short ducts and jet impingement are leading candidates for compact HXs. [11] [12] [13] [14] [15] [16] On HT analysis of thermoelectric power generators (TEPG) that has TE couples embedded in HXs, little has been reported except those based on one-dimensional analysis.
1,2
The objective of this study is twofold. First, analyze the three-dimensional flow and heat transfer in a thermoelectric power generator (TEPG) with the HX and its embedded TE couples. Second, examine two compact gas-phase heat-exchanger (HX) designs on their ability to enable high heat-transfer rates from the hot to the cold sides of the TE material with minimum thermal stress. This study will be accomplished by using computational fluid dynamics (CFD) analyses that account for the heat-transfer processes in the gas phase and in the solid phases.
The remainder of this paper is organized as follows. First, design concepts that can minimize thermal stresses are explained. Afterwards, the two TEPGs with compact HXs are described. This is followed by the formation of problem, numerical method of solution, results generated, and summary.
CHAPTER II. Design Concept to Minimize Thermal Stresses
In traditional designs, TE couples are sandwiched between the hot and the cold plates as shown on the left in Figs. 1 and 2 . With such a design, there is no room for thermal expansion/contraction of the TE legs as operating temperature changes. One way to resolve this problem is to allow the walls that connect the hot and cold plates to be flexible or stretchable but need to maintain structural integrity of the overall device. Shown on the right in Fig. 2 is a design with rigid walls that connect the hot and cold plates but allow for thermal expansion/contraction. This is accomplished by cutting holes into the hot plate to allow the TE legs of the TE couple to expand and contract freely through the holes as temperature changes. With such a design, the TE legs are structurally coupled only to the cold plate but thermally coupled to the hot and the cold sides. To maintain the structural integrity of TE legs from erosion, the portion of the TE legs exposed to the hot gases could be coated. This TE couple design will be utilized in this study. 3), and the other HX involves jet impingement (Fig. 4) . The details of each of these two HX designs with embedded TE couples are described below. 
For this problem, there are a number of symmetry planes: one midway between the middle two plates and a symmetry plane midway between TE couples in the spanwise direction.
Thus, the domain of the problem investigated is the one shown in Fig. 3 . Table 1 gives a summary of all cases simulated for TEPG 1. In this table, H is the halfheight of the hot-gas passage, and V is the speed of the hot-gas flow at the hot-gas passage inlet. k plate is the thermal conductivity of the plate. It was set to zero to model adiabatic wall and to 0.05 to model a wall that is as good as an insulator. k insulator is the thermal conductivity of the insulation material that fill the space between the TE couple and the channel plates. 
CHAPTER IV. Governing Equations and Method of Solution
The problems described in the previous section involve a gas whose density can change significantly from large changes in temperature even though the Mach number of the flow is quite low. Also, the flow can be laminar or turbulent depending upon the Reynolds number and conditions of the flow that enter the channels. In this study, when the flow is laminar, the governing equations used are the continuity, Navier-Stokes, and energy equations for an ideal gas. When the flow is turbulent, the governing equations used are the ensembleaveraged continuity, Navier-Stokes, and energy equations for an ideal gas. The effects of turbulence were modeled by the two-equation realizable k-ε model. 18 Wall functions were not used, and integration of all equations is to the wall, resolving the low-Reynolds number Solutions to the governing equations were obtained by using Version 6.3.26 of the Fluent-UNS code.
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Only steady-state solutions were sought, and the fully coupled implicit algorithm was used to generate solutions, where momentum, continuity, and energy were solved simultaneously instead of in a segregated fashion. All equations were integrated over each cell of the grid system. The fluxes for density, momentum, and energy at the cell faces are interpolated by using the third-order MUSCL scheme. Pressure was computed by using second-order accuracy. For all computations, iterations were continued until all residuals for all equations plateau to ensure convergence to steady-state has been reached. At convergence, the normalized residuals were always less than 10 -12 for computations involving laminar flows. When the flow is turbulent, the normalized residual is always less than 10 -5 for the three components of the velocity, less than 10 -7 for the energy, less than 10
for turbulent kinetic energy, less than 10 -4 for dissipation rate of turbulent kinetic energy, and less than 10 -3 for the continuity equation.
The accuracy of CFD solutions is strongly dependent upon the quality of the grids used in minimizing grid-induced errors and in resolving the relevant flow physics. Figure 5 shows the grid used for TEPG 1, and Fig. 6 shows the grid used for TEPG 2. For TEPG 1, the grid sensitivity study involved two grids, one with 1,102,200 cells (referred to as baseline) and one with 1,815,528 (referred to as refined and the refinement was made in regions with the steepest gradients). From Fig. 7 , it can be seen that the predicted temperature (a scalar quantity) and heat flux (a gradient) along on the hot surface (Y=0) is essentially the same for the two grids (maximum relative error is much less than about 0.01%). Thus, the baseline grid is used for all cases studied. For TEPG 2, the grid sensitivity study involved three grids, one with 1,284,120 cells (referred to as baseline), one with 968,224 cells for 5 mm tall TE legs and 985,296 for 100mm tall legs (referred to as coarser), and one with 1,929,464
(referred to as refiner). From Fig. 8 , it can be seen that the predicted temperature along on the hot surface (Y=0) is essentially the same for the baseline and the finer grids (maximum relative error is less than about 0.5%). Thus, the baseline grid is used for all cases studied.
For both TEPG 1 and TEPG 2, y+ of the first grid point is less than unity for all Reynolds numbers studied. 
CHAPTER V. Results
CFD analyses were performed to examine two TEPGs with focus on the flow and heattransfer processes about the TE couples. The CFD simulations performed are summarized in Tables 1 and 2 . In this section, the results generated are presented.
TEPG 1
The results generated for TEGP 1 are summarized in Table 3 and Figs. 9 to 15.
Effects of Thermal Conductivity
Cases 1-1 to 1-3 in Table 1 examine the effects of thermal conductivity of the HX channel plates and the insulation material. This is of interest because the thermal conductivity of the TE material is quite small, around 1 to 2 W/m-K (see Eq. (1)) so that the conduction resistance in the metals such as in the aluminum plates of the HX channel and the copper conducting plates of the TE couple are negligible in comparison to the conduction resistance in the TE legs and the insulation material. Table 3 . Results for TEPG 1.
Case 1-1 has perfect insulation since k plate = k insulation = 0. For this case, all thermal energy from the hot gas can only be transferred through the TE couple, which represents an ideal case in capturing all thermal energy from the hot gas for electrical energy conversion. Case 1-2 represents a situation closest to the ideal case since the thermal conductivity of the channel plate is made equal to that of the insulation material (i.e., k plate = k insulation = 0.05 W/m-K). Case 1-3 has the correct thermal conductivities for the aluminum plates and the ∆P = inlet stagnation pressure -outflow stagnation pressure q = average heat transfer rate over 8 TE legs (W) q" = average heat flux over 8 TE legs (W/cm 2 ) Subscripts for q and q" denote: h = heat transfer rate into TE leg from hot gas cold = heat transfer rate TE leg's cold side p = heat transfer rate into TE leg from the hot plate c = heat transfer rate into TE leg from the conductor i = heat transfer rate into TE leg from the insulator to the conductor insulation material. From Table 3 , it can be seen that the heat transfer from the hot gas to the TE leg (q h and q h ") at Y=0 is indeed the highest for Case 1-1 with heat flux at 1.52 W/cm 2 , lower for Case 1-2 at 1.27 W/cm 2 , and lowest for Case 1-3 at 1.14 W/cm 2 . However, when there is conduction through the channel plate and the insulation material, some of the thermal energy is still transferred to the TE legs since the thermal conductivity of the TE material though low is still higher than the thermal conductivity of the insulation material. Table 3 shows that only for Case 1-1 with perfect insulation (i.e., k plate = k insulation = 0) does q h (and q h " ) equal to q cold (and q cold " ) (i.e., the heat transfer from the hot gas to the TE leg at Y=0 equals to the heat transfer from the TE leg to the cold plate at Y=-h). For Case 1-2, q cold " is 1.94 W/cm 2 , and for Case 1-3, it is 2.26 W/cm 2 . On this, it is noted that when there is heat transfer from the hot gas to the channel plates and the insulation material, a portion of that thermal energy is then transferred to the electrical conducting plates of the TE couple, which in turn are transferred to the TE leg. For Case 1-2, that heat flux q c " is 0.96 W/cm 2 , and for Case 1-3, it is 1.85 W/cm 2 . The heat flux q i " from the insulation material to the TE leg is 0.053 W/cm 2 for Case 1-2 and 0.087 W/cm 2 for Case 1-3. Whether higher heat-transfer rate through a portion of the TE leg leads to higher electric-current flow through the entire TE couple is unclear. Nevertheless, one would expect shape optimization of the TE legs to offer opportunities for improved conversion efficiency. Figure 9 shows the temperature on the surface of the channel plate and the TE legs exposed to the hot gas at Y=0 and in the mid-plane through the center of TE couples at Z=0 for Cases 1-1 and 1-3. When the insulation is perfect as in Case 1-1, the surface temperature at Y=0 is essentially equal to the hot-gas inlet temperature T h (600 K) everywhere except along a path over the TE legs and the thermal boundary layers that develop from there. It is important to note that the heat transfer through the TE legs is not one-dimensional even for Case 1-1 because the temperature over each TE leg at Y=0 decreases with X because of the growth of the thermal boundary layer. When the insulation is imperfect as in Case 1-3, the surface temperature at Y=0 is considerably lower than that for Case 1-1. However, because the thermal conductivity of the plate is much higher than that of the TE material and the insulator, it can be seen from Fig. 9 that the entire channel plate is at nearly the same temperature. The temperature in the TE legs, however, is still not one dimensional because the gas temperature in contact with the TE material changes along X. Also, there is heat transfer into the TE leg from the conducting plates and the insulation material. Fig. 9 . Temperature contours in two planes: Y=0 and Z=0 for Cases 1-1 and 1-3. Figure 10 shows the temperature and the X-component velocity contours in several Y planes next to the channel wall exposed to the hot gas for Case 1-3, and Fig. 11 shows the temperature and X-component velocity profile at Z=0 and several X locations about the TE legs. From Fig. 11 , it can be seen that the heat transfer into the TE legs reduces the temperature of the gas about the TE leg and, while doing so, increases the gas' X-component velocity. The increased X-component velocity is a result of increased density next to the wall because of the lower temperature there, which accelerated flow further away from the wall towards the wall. Near the wall at Z = 0, Fig. 11 shows the peak velocity to be higher than the inlet velocity by almost 1 m/s, which is much higher than possible from the increased displacement thickness. Figure 11 also shows the temperature along X to reduce when in contact with the TE legs and to increase when in contact with the plate. This is because the entire plate with high thermal conductivity is heated to nearly uniform temperature by the hot gas and serves as a storage device that transfers heat to the hot gas when it is colder than the plate. Figure 12 shows the temperature along the line on the middle of the wall next to the hot gas at Y=Z=0. From there, it can be seen that the temperature at the top of the TE leg (i.e., at Y=0) is highest for Basically, the heat transfer can be from the hot gas into the TE legs and from the channel wall to the hot gas. This phenomena is also observed for all the Cases involving TEPG1
except Cases 1-1, 1-2, and 1-8. This is because when the hot gas flows in, the aluminum plate was heated up at the entrance region. As noted earlier, the channel wall with its high thermal conductivity is heated up quickly and to nearly uniform temperature because the thermal conductivities of the TE legs and insulation material are so low. Thus, it is possible for the hot gas to get cooler than the channel plate because of heat transfer to the TE legs.
Since pressure loss should be kept to the minimum for efficiency, the stagnation pressure from the channel inlet to the channel outlet is monitored. For Cases 1-1 to 1-3, the pressure loss is highest for Case 1-1 and lowest for Case 1-3 ( Table 2 ). This is because the viscosity is lower at lower temperatures. Table 3 and Fig. 15 because of increased shear stress.
Since the boundary layers from the two walls of the hot-gas passage do not interact, the Reynolds number based on 2H is not meaningful.
Cases 1-3, 1-6, & 1-7 examine the effects of the inlet velocity. For a given channel height, as the inlet velocity decreased, the thickness of momentum and thermal boundary layers increased. As a result, heat transfer decreased as shown in Table 3 and Fig. 13 .
Cases 1-3 and 1-8 examine the effect of the fit when the TE legs of the TE couples are inserted in square holes of the channel plate that come in contact with the hot gases. For Case 1-3, the TE legs do not touch the walls of the square holes so that the channel plate cannot transfer heat to the TE legs. For Case 1-8, the TE legs do touch the walls of the walls of the square hole with a tight fit from thermal expansion. Figure 13 and Table 3 show that by having contact, the heat transfer to the TE legs from the hot gas at Y=0 decreases though the overall heat transfer through the TE legs increases. The decrease in heat transfer from the hot gas at Y=0 results because the TE leg is heated by the plate.
Cases 1-3, 1-6, 1-7, 1-9, 1-10, and 1-11 examine the effects of laminar versus turbulent flow in the hot-gas passage. From Fig. 14 and Table 3 , it can be seen with turbulent flow, the heat transfer does increase somewhat, but not appreciably except at higher inlet velocities. For TEPG1, the change in the thermal energy from inlet to outlet due to heat transfer to the TE couples ranges from 1.2~2.7 % when H = 10mm. It can be as high as 5.7 % when H = 2.5mm. Thus, only a very small fraction of the thermal energy in the hot gas has been extracted. To extract more energy requires H to be made smaller. With a smaller H, the pressure drop is higher. Thus, need to find the optimum H. 
TEPG 2
The results generated for TEGP 2 are given in Figs. 16 to 18 . Figure 16 shows the temperature distribution on the surface at Y=0 where hot-gas jets impinges and at a midplane at Z=0 that passes through the middle of the TE couples. Also shown in this figure are the temperature and heat flux at Y=Z=0. From this figure, it can be seen that with an inlet velocity of 10 m/s, the jets created through the square holes are deflected quite a bit by the cross flow. With an inlet velocity of 20 m/s, the deflection of the jet by the cross flow is less.
Also, the temperature of the surface struck by the jet is hotter so that the heat flux is also higher. Figure 17 shows the projected streamlines in several constant Z planes. From this figure, it can be seen that the flow induced by the jets is quite complicated. Understanding these jets and their deflection by the cross flow is needed to ensure that the hot-gas jets impinge on top of each of the TE legs of the TE couples. For the conditions of the present study, Fig. 18 shows that the heat flux can be as high as nearly 3 W/cm 2 . The pressure drop from inlet to outlet, however, is considerable higher than that of TEPG 1. It is about 8,000
Pa when the inlet velocity is 10 m/s and 38,000 Pa when the inlet velocity is 20 m/s.
From the 4 cases studied, the heat removed from the 4 TE legs is about 1 % of the thermal energy at the inlet when V = 20 m/s and 1.3~1.5 % when V = 10 m/s. Though more heat is transferred to the TE legs when V is higher, the fraction of the energy extracted is less. 
CHAPTER VI. Summary
CFD analyses were performed to examine two TEPGs with focus on the flow and heattransfer processes about the TE couples. When the heat-transfer enhancement in the TEPG is based on the leading portion of developing boundary layers, the heat transfer to the TE material can be as high as 1 W/cm 2 with reasonable pressure drop. When the heat-transfer enhancement is via jet impingement, the heat transfer to the TE material can be as high as 3 W/cm 2 but with markedly higher pressure drop. Results obtained also show the heat-transfer process through the TE legs to be multidimensional with heat entering from the top of the TE legs exposed to the hot gas and from the insulators and the conducting plates.
